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Abstract

The invention relates to a diffusion membrane for an enzyme-based sensor,
a sensor comprising said diffusion membrane as well as the use of said
enzyme-based sensor for the detection and/or determination of a

substance, in particular an enzyme substrate, e.g. glucose.
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Castable diffusion membrane for enzyme-based sensor application
Description

The invention relates to a diffusion membrane for an enzyme-based sensor,
a sensor comprising said diffusion membrane as well as a method for
producing said enzyme-based sensor and the use of said enzyme-based

sensor for the detection and/or determination of a substance, in particular

an enzyme substrate, e.g. glucose.

Enzyme-based sensors are widely used to determine substances of interest
in qualitative as well as quantitative manner in the blood and in other body
liguids. Enzyme-based sensors are in particlular Used for the determination
of enzyme substrates. In an 'enzyme-based sensor a so-called sensing
reaction (sometimes also refered to in the art as "transducer reaction")
occurs wherein a substance is converted under participation of at least one
enzyme into another substance, which can be detected directly or
indirectly. An example of such a sensing reaction is the enzyme catalyzed
oxidation of glucose. Usually, this reaction uses oxygen as electron
acceptor. In the course of the reaction, glucose is converted into
gluconolactone and the oxygen is converted into hydrogen peroxide. A
sensing reaction either could measure the consumption of glucose and

oxygen or the production of hydrogen peroxide or gluconolactone.

An enzyme-based sensor usually comprises several layers, among them an
enzyme layer and a cover membrane or outer layer. This cover membrane
is directly in contact with the sample and limits the diffusion of the

substances necessary for the sensing reaction, especially the enzyme

substrate or cosubstrate.
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Enzyme-based sensors can be provided as electrochemical sensors or as

- optical sensors (optodes]). The construction and function of a glucose

optode is for example described in U.S. 6,107,083. The construction and

function of an electrochemical glucose sensor is for example described in

WO 99/30152.

Particularly, enzyme-based Sensors which are used for the determination of
glucose, lactate or creatinine are preferably constructed with
oxidoreductases and the detection is based on the oxygen consumption. In
this case, the sensor necessits a cover membrane being a porous or at

least a permeable polymer membrane, which controls the permeation of

both the enzyme substrate and oxygen.

The currently available diffusion membranes for enzyme-based sensor
application suffer from various disadvantages. According to one approach
known in the state of the art cover membranes for enzyme-based sensor
applications are preformed membranes consisting of microporous
structures from non-hydrating polymers like polycarbonate, polypropylene
and polyesters. The porosity of such membranes is provided by physical
means, e.g. by neutron or argon track etching. Glucose and oxygen
permeate across such membranes predominantly in these pores filled with
blood or other body liquids. One major disadvantage is fhat such
membranes are preformed and not castable. A preformed membrane has to
be attached to the enzyme layer. Very often the membranes are
mechanically attached to the enzyme layer. Such mechanical attachments
are expensive and technically complex. Further problems occur insofar as
it is difficult to apply the membrane onto the underlaying layer without
producing air bubbles. Similar problems also occur when the membrane is

for example giued onto an underlaying layer.

Another approach known in the state of the art are castable cover

membranes. Such cover membranes are generally formed by applying a
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solution of a polymer to an enzyme layer and by evaporating the solvent.
Such membranes consist of polymer structures with hydrophilic and
hydrophobic regions. Upon exposure to water, the hydrophilic region of the
membranes absorb water',. thus providing in the swelled structure a
permeation path e.g. for gluco$e. However, those membranes provide no
defined porosity. In this approach the polymer itself has to provide the

permeation, therefore not all polymers are suitable and thus the election of

polymers is limited.

One disadvantage is that polymers, which are suitable for the use of
castable membranes, are very often soluble only in aggressive or toxic
solvents. Examples for this are cellulose acetate, which is sol_uble in DMSO
and acetone, and PVC, which is soluble in tetrahydrofurane and
cyclohexanone. This circumstance is relevant not cinly for safety reasons
but also because the enzymes present in the enzyme layer may be
destroyed by these solvents. Moreover, the effectiveness of such a
membrane depends upon the dispersion of the hydfOphilic domains within
the hydrophobic matrix. Since it is difficult to achieve a homogenous
dispersion in and during the production process of the membrane, the
consequence is an inhomogenous distribution of the hydrophilic domains.

This results for example in a poor reproducibility.

Offenbacher et al. (U.S. 6,214,185) describe a cover membrane with
better coating reproducibility. Said membrane is made of a PVC copolymer
which allows a quite satisfying adjustment of the permeability due to the
presence of a hydrophilic copolymer component. However, such a PVC
cover membrane shows limitations for multiple measurements when used
for a sensor based on the consumption of oxygen since the regeneration of

the oxygen reservoir of the sensor is very slow.

It is an object of the present invention to overcome at least partially the

described drawbacks of the membranes for enzyme-based sensor
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application. in particular, it i1s an object to provide a castable membrane
with a good processability. A further object is the provision of a membrane

with a defined permeability, which can also be used for multiple

measurements.

The present invention therefore relates to a diffusion membrane for an

enzyme-based sensor appilication, wherein the membrane comprises

(a) at least one polymer material and
(b)  pore-maker particles dispersed in the at least one polymer material.
10
The membrane according to the invention comprises pore-maker particles
dispersed in one or more polymer materials. The pofosity of the membrane
is provided by the pore-maker particles. Thus, from the permeability or
porosity point of view there is no limitation when electing the polymer.
15 -
The polymer material used for the diffusion membrane of the invention can
generally be any castable polymer material or a mixture of polymer
materials. According to the planned application, for example non-toxic or
easlly applicable materials can be used.
20
Preferred polymer materials are selected from the group consis'ting of
non-water soluble polymers and preferably from polyurethane,
polyacrylamide, polystyrene, polyvinyl esters and co-polymers of, e.g.,
butadiene and styrene.
25
Due to the various election possibilities with regard to the polymer
material, a castable diffusion membrane can be provided easily, which can
be coated directly in a reproducible manner. The diffusion membrane can
for example be coated on an underlaying layer, preferably onto an enzyme
30 layer. Itis an advantage of the diffusion membrane of the present invention
that directly coating the diffusion membrane onto the enzyme Iayet does

not alter the related enzyme activity. Furthermore, a diffusion membrane
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can easily be provided, which is insoluble In body liquids such as for

- example blood.

The diffusion membrane according to the invention comprises pore-maker
particles dispersed in the layer forming polymer material. The pore-maker
particles provide the porosity of the membranes and thus the permeability.
The particles used as pore-maker are preferably stable particles or mixtures
of such particles possessing inherent and defined pbrosity. The size of the

pore-maker particles is preferably between about 0.5-100 ym, particularly

from about 1 to 50 ym.

The membrane has a defined porosity, which is provided by pores, formed
by the pore-maker particles according to the invention. According to the
application of the membrane, the size of the pores can be varied. The size

of the pores is preferably within the range of the size of the pore-maker

particles.

The diffusion membrane according to the invention comprises pore-maker
particles in an amount of preferably about 0.5-70 weight %, more
preferably from about 0.7-50 weight %, most preferably from about 1-40
weight % based on the total weight of the dried membrane. If the'
proportion of the pore-maker particles exceeds a certain limit, then the
membrane becomes mechanically instable; if too little pore-maker particles

are added then the membrane could become impermeable.

For the use as pore-maker particles in the membrane essen'tially all stable
particles and mixtures of such particles are useful, which possess an
inherent and defined porosity. According to the desired application and/or
pore size suitable particles can be elected. Examples for suitable
pore-maker particles include inorganic or organic particles made from
Kieselguhr, silica gel, cellulose, precipitated gypsium,‘ kaolin, glass or the

like. Particularly preferred particles are based on silicon dioxide, and more
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especially on diatomaceous earth. An especially preferred diatomeous earth

Is sold under the tradename Celatom®,

The diffusion membrane according to the invention can further COmprise
other elements such as for example carbon black for optical isolation,

pigments like titanium dioxide for improved remission properties of the

membrane, or wetting agents.

The thickness of the diffusion membrane accord‘ing to the invention can be
chosen flexibly with regard to the desired use and/or permeation rate.

Suitable thicknesses are within the range of about 0,5-1000 um, preferably
about 3-500 ym, most preferably 5-100 ym.

The permeation of the diffusion membrane can thus be easily adjusted by

varying the coating thickness and/or the concentration of the pore-maker

particles.

In one embodiment of the diffusion membrane according to the invention,
the size of the pore-maker particles corresponds at least to the thickness of
the layer of the diffusion membrane, the relation between the particle size
and the layer thickness is approximately 1:1 or> 1:1. Ih this embodiment,
the size of the pore-make'r particles is chosen in ;a way that the single
particles or clusters of single particles form continous pbres from the

surface of the sensor to the enzyme layer. Thus, a diffusion of the

substances is provided.

A further aspect of the invention is an enzyme-based sensor comprising a
diffusion membrane as described, above. A sensor according to the
invention comprises several layers, wherefrom at least one layer is an
enzyme layer. The enzyme-based sensor of the invention further COmprises
a cover layer and at least one underlaying layer. Depending on the type of

the sensor, further layers can for example be an interference-blocking
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layer, a layer for optical isolation, an electro-conductive layer, an indicator

layer or a base electrode.

Since the permeability of the diffusion membrane can be adjusted as
desired, the diffusion membrane provides a fast regeneration of the sensor.
In the case of a sensing reaction based for example on the consumption of
oxygen, the oxygen permeation can be adjusted ih such a manner that the
sensor regeneration, e.g. the regeneration of the oxygen reservoir is very

fast. Thus, the sensor of the invention can also be used for multiple

measurements.

The enzyme layer of the ehzyme-based sensor can for example comprise
oxidative enzymes as for example glucose oxidase, cholesterol oxidase or
lactate oxidase. The enzyme layer may also comprise an enzyme mixture,
such as for example an enzyme cascade, which makes possible the
detection of analytes which cannot be directly detected, such as for
example the creatine. Creatine cannot be enzymatically oxidized by a
simple enzyme but requires several enzymatic steps to generate an analyte
derivative, which is detectable by optical or amperometric means. A
suitable enzyme cascade system for the detection and/or determination of
creatinin, comprises e.g. creatinine amidohydrase, creatinine

amidohydrolase, and sarcosine oxidase.

In the sensor according to the invention, the diffusion membrane is
preferably deposited as cover layer. In this case, after solvent evaporation
of the dispersion a stable cover layer is formed. The diffusioh membrane is
further preferably coated directly on an underlaying layer, preferably an
enzyme layer. By a direct coating of the membrane, favourably, the
membrane layer is attached to the underlaying layer by physical adhesion

without a mechanical fixation and/or the use of glue.
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When the diffusion membrane Is used as cover layer, it is directly in
contact with the test sample and regulates the difosion of the substances
necessary for the sensing reaction, preferably the substrates or
cosubstrates. The diffusion membrane according to the invention provides

thus the sensor with a controlled permeability.

The enzyme-based sensor of the invention can basically represent any kind
of a biosensor. Examples for suitable biosensors are for example optical
sensors. With preferred optical sensors, the consumption of oxygen due to
an enzymatic reaction can' be detected using an appropriate dye which is
sensitive to oxygen, e.g., a luminescent dye quenchable with oxygen.

Furthermore, an electrochemical sensor is suitable for the use in the

present invention.

Especially in connection with sensors which use oxygen consumpﬁon as a
means for analyte determination, the membranes according to this
invention show big advantages. The pores created by the pore-maker
particles allow for the adjustment of diffusion of the analyte molecules,
e.d., glucose, across the membrane, and the choice of the polymer
influences the permeability of oxygen. Although oxygen permeation across
the membrane in part is also possible through the pores created by the
pore-maker particles, it essentially is influenced by the polymer layer,

especially if this has a high oxygen permeability.

A further aspect of the present invention is the use of an enzyme-based
sensor as described above for the detection or quantitative determination

of a substance, preferably an enzyme substrate.

In the field of medicine, a possibility of the use is for example the
determination of physiological parameters. A determination and/or

detection can be carried out in any liquid, for example In various body
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liquids such as blood, serum, plasma, urine, and the like. A preferred use

of the sensor is a detection and/or determination of analytes in blood.

A possible use of the sensors according to the invention is for example the
determination of blood glucose in patients suffering from diabetes. Other

metabolic products that can be determined with the enzyme-based sensor

according to the invention are for example cholesterol or urea.

Another possible use of the enzyme-based sensor of the invention is in the

field of environmental analytic, process control in biotechnology and food

control.

With the use according to the invention of the enzyme-based sensor a wide
variety of substances, for example enzyme substrates and/or cosubstrates
can be determined and/or detected. Suitable enzyme substrates are for
example choiesterbl, SUCCrose, glUtamate, ethanole, ascorbic acid,
fructose, pyruvat, ammonium, nitrite, nitrate, phenol, NADH, glucose,
lactate or creatinine. Preferably, a determination and/or detection of

glucose, lactate or creatinine is performed. A particularly preferred

substance to be detected and/or determined is glucose.

Since the regeneration of the enzyme-based sensor can be influenced by
adjusting the permeation, the regeneration is fast enough to allow multiple
measurements. In a preferred use of the sensor multiple measurements are
performed. Further, the enzyme-based sensor can be employed for every
sensor-application known in the art, such as for example for a single use

application or as a permanent sensor for multi use applications.

A further subject matter of the present invention is a method for the

preparation of an enzyme-based sensor as described above. This method
comprises:

(1) forming a dispersion comprising
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(a) at least one polymer material and

(b) pore-maker particles

(1) casting the dispersion directly on an underlaying layer to form a
diffusion membrane and

(i)  optionally drying the dispersion.

The method according to the invention allows a direct casting of the

membrane due to the broad option of polymer materials. By using suitable
polymer materials, it is furthermore possible to work without solvents, if
desired. Further, the materials can be elected in a way that a heating of the

dispersion is not necessary. Thus, by the method according to the

invention, an easy handling is provided.

The method allows the application of the membrane without damaging
lower layers, e.g. the enzyme layer. The membrane can for example be
applied directly onto the enzyme layer without influencing the enzymes. In

a preferred embodiment, the dispersion is casted directly on an enzyme

layer.

In the method according to the invention, the dispersion is preferably
attached to the underlaying layer by physical adhesion. Thus, a mechanical

attachment of the membrane including the above mentioned disadvantages

IS not necessary.
If desired, the dispersion can be dried after the application on the

underlaying layer. Essentially, every drying method known in the technical

field can be used.

The following examples 1 and 2 illustrate the invention:

Example 1
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Membrane for the determination of the glucose concentration in liquid

samples.

For the preparation of the membrane dispersion, the following components

were mixed:

Table 1

Polyurethane dispersion (20% in

| ethanole) (Tyndale Plains-Hunter,

| Ltd.)

| (Eagle-Picher Minerals, Inc.)

| optionally Carbon black ' 0,069 '

The mixture was applied on top of the enzyme layer of an OptiCCA single
use glucose sensor (Roche Diagnostics Corp.) in a 20 ym thick layer. After
drying at room temperature, a sensor spot (4mm diameter) overcoated with
the membrane of the invention was cut from the sensor foil and placed in
a flow through cell of which the channel was filled with an appropriate

buffer before injecting the sample.

Raw intensities produced by the luminescence quenching of the
luminescent dye contained in the oxygen sens_itive layer were then
measured. The following kinetic measurements (fluorescence intensity
change: Al per second) were obtained with three different glucose control

solutions tonometered at 150 Torr oxygen partial pressure.
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Table 2

| Glucose concentration | Relative slope

| (mg/dL) ' | (Al per second)

10 Exaﬁﬁple 2

Example 2 shows the fast sensor regenerations and the possibilty of
multiple measurements (3 measurements with the control solution
containing 356 mg/dL giucose and 150 Torr oxygen partial pressure). The
15  sensor used in Example 2 was prepared according to Example 1, but was

not completely identical to the sensor of Example 1 due to handcoating of

the membrane.

Table 3
20
| No. of measurements Relative slope Regeneration time
| ; (Al per second) {(seconds)
1
| 2
I 3
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Claims

Diffusion membrane for an enzyme-based sensor application,

wherein the membrane comprises
(a) at least one polymer material and

(b) pore-maker particles dispersed in the at least one polymer

material.

Diffusion membrane according to claim 1, wherein the size of the

pore-maker particeé is from 0,5-100 ym.

Diffusion membrane according to clam 1 or 2, wherein the

pore-maker particles are present in an amount of 0,5-70% by

weight.

Diffusion membrane according to any of claims 1-3, wherein the

pore-maker particles comprise diatomaceous earth.

Diffusion membrane according to any of claims 1-4, wherein the

thickness of the membrane is 0,5-1000 uym.

Enzyme-based sensor comprising a diffusion membrane as claimed

In any of claims 1-5.

Enzyme-based sensor according to claim 6, further comprising
(i) at least one enzyme layer
(11) a cover layer and

()  at least one underlaying layer.

Enzyme-based sensor according to claims 6 or 7, wherein the

diffusion membrane is the cover layer.
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Enzyme-based sensor according to any of claims 6 to 8, wherein the

diffusion membrane is coated directly on an underlaying layer.

Enzyme-based sensor according to any of claims 6-9, wherein the

diffusion membrane is attached to the underlaying layer by physical

adhesion.

Enzyme-based sensor according to any of claims 6-10, wherein the

diffusion membrane is coated directly on an enzyme layer.

Enzyme-based sensor according to any of claims 6-11, wherein the

sensor is an optical sensor.

Enzyme-based sensor according to any of claims 6-11, wherein the

sensor is an electrochemical sensor.

Use of an enzyme-based sensor according to any of claims 6-13 for
the detection and/or quantitative determination of an enzyme

substrate and/or cosubstrate.
Use according to claim 14, wherein the enzyme substrate is glucose.

Use according to claim 14 or 15, wherein the determination is

performed in blood.

Use according to any of claims 14-16, wherein multiple

measurements are performed.

Method for the preparation of an enzyme-based sensor, comprising
(i) forming a dispersion comprising
(a) at least one polymer material and

(b) pore-maker particles
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(if) casting the dispersion directly on an underlaying layer to form

a diffusion membrane and

(iii) optionally drying the dispersion

Method according to claim 18, wherein the dispersion is attached to

the underlaying layer by physical adhesion.

Method according to claims 18 or 19, wherein the dispersion is

casted directly on an enzyme layer.
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